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ABSTRACT 

Hematopoietic stem/progenitor cells (HSPC) play main role in constituting the 

whole hematopoietic system. Furthermore, since recognized in 1960s, HSPC are 

utilized to protect patients from severe chemo and radio therapy. As time goes, 

they are also used to treat hematopoietic disorders such as leukemia. Bone 

marrow, peripheral blood and umbilical cord blood are now the three sources of 

HSPC. Umbilical cord blood seems optimal because it is easy to obtain, no risk to 

graft donor and low probability of infection transmission. However, low number 

of HSPCs in umbilical cord blood is the main limitation. My research focuses 

mainly on in-vitro proliferation of HSPCs. In addition, I also worked on labeling 

HSPC in-vitro for tracking these cells after transplantation. The experimental 

results indicated that HSPCs are effectively labeled and their proliferation rate is 

significantly enhanced in-vitro.  
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CHAPTER 1 :LITERATURE STUDY OF 
HEMATOPOIETIC STEM CELLS 

1. Introduction 

Hematopoiesis is a remarkable self-regulated production of all types of blood 

cells which occurs in the yolk sack prenatally, then liver, and eventually the bone 

marrow. In normal adults, hematopoiesis is maintained homeostatically by 

multipotent hematopoietic stem cells (HSC). All mature blood cells turn over on a 

daily basis in normal adult. Therefore, in order to keep blood cell homeostasis, 

HSC are constantly generated in the bone marrow where they can produce 

multipotent progenitors and lineage-committed progenitors that ultimately 

differentiate into all types of blood cells (1, 2). As Figure 1.1 shows, the 

hematopoietic system is organized hierarchically with a series of cell populations 

arranged in rank from stem cells. As the study of HSC gets mature, people 

realized that HSC have tremendous biomedical application potentials for the 

treatment of hematological disorders and cancers (3, 4). In this study, I would to 

first discuss the properties and potential clinical usage of HSC.  
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Figure 1.1 The hematopoietic system (5).  

2. The definition and identification of HSC 

2.1 Stem cell definition and classification 

Stem cells are unspecialized cells with capacities of self-renewal and 

differentiation. Self-renewal refers to generate one or two daughter cells 

identical to their parental cells via cell division in order to maintain an 

undifferentiated stem cell pool(6). Differentiation refers to a process of 

generating more specialized cells to perform particular roles within tissues (1). 
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This definition was initially framed by J. E. Till and E. A.McCulloch, based on their 

discovery and characterization of colony-forming units in the spleen (CFU-S) (7). 

When primitive bone marrow progenitors are injected into lethally irradiated 

mice, they are able to form colonies of myeloid, erythroid, and megakaryocytic 

cells on the spleen of the recipient mice in 8-13days after transplantation. Ever 

since then, CFU-S has been considered equivalent to HSC until 1990. It is found 

that multipotent progenitors and erythroid/megakaryocytic progenitors are 

highly enriched in day 12 CFU-S and day 8 CFU-S, respectively (8, 9). Nonetheless, 

many concepts built upon detailed analysis of CFU-S apply to stem cells. 

In general, stem cells classified by their differentiation capacities which mean 

how many types of cells they can give rise to(10). Totipotent stem cells produced 

by the fusion of egg and sperm can differentiate into embryonic and 

extraembryonic cell types. Pluripotent stem cells which only exist at the earliest 

stage of embryonic development, like embryonic stem cells, can form nearly all 

cell types of body(11). Multipotent or unipotent stem cells are found in many 

tissues and organs including bone marrow, brain, spinal cord, dental pulp, blood 

vessels, skeletal muscle, epithelia of the skin and digestive system, cornea, and 

retina. Multipotent stem cells can generate several cell types within a given 

tissue or organ while unipotent stem cells can only give rise to one cell type. 
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In mammal, there are two broad types of stem cells: embryonic stem cells and 

adult stem cells, based on their existence in biological development process. 

Embryonic stem cells are isolated from the inner cell mass of blastocysts and 

pluripotent while adult stem cells are found many tissues and mulipotent or 

unipotent (12). Adult stem cells, like embryonic stem cells, have at least two 

things in common. First, they can make identical copies of themselves through 

the lifespan of an organism which is referred to as long-time self renewal (1, 2). 

Second, they can differentiate into at least one cell type with mature 

morphology and specialized function that is appropriate for the tissue. Typically, 

instead of producing mature cells directly, adult stem cells give rise to one or 

more intermediate cell types which are called progenitor cells. Progenitor cells 

are partially differentiated and differentiate into mature cells along a specific 

committed pathway. At the same time, these progenitor cells lose their 

self-renewal capacity (1, 2, 11).  

2.2 Identification of HSC  

HSCs were identified because of clinical need for cells capable of reconstructing 

hematopoietic system after people exposed to lethal doses of irradiation. Lead 

coverage of hematopoietic tissues during irradiation and intravenous infusion of 

bone marrow after irradiation can prevent death (13, 14). In irradiated mice, 
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injected bone marrow was able to survive, divide and repopulate the 

hematopoietic tissues(15). 

As time elapsed, bone marrow was found to contain hematopoietic progenitor 

cells that gave rise to visible colonies of myeloid, erythroid, megakaryocytic cells 

within the spleen of recipient mice(7). As colony-forming unit-spleen (CFU-S), 

these cells can differentiate into lymphocytes and form more CFU-S in serial 

transplantation(16). At the same time, Siminovitch et al proposed the functional 

criteria for HSC definition: self renewal as well as multilineage differentiation. 

They also proposed that a population of radiation protective cells fell in these 

criteria of HSC (16). 

Extensive efforts were involved in purification and characterization of HSC. Mice 

hematopoietic stem cells were first isolated in 1988 with the use of a variety of 

phenotypic cell markers(17). With the invention of fluorescence-activated cell 

sorting (FACS) and knowledge of cell surface markers, it turned out the ability to 

isolate various populations of progenitors to form the blood system. As the 

first-identified and best characterized stem cell type, HSC are often served as the 

model for the whole stem cell biology research (18). 

3. Purification of hematopoietic stem cells 

3.1 Source 
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It is indicated in figure 1.2 that there are three mainly sources of HSC: bone 

marrow, peripheral blood and umbilical cord blood (CB) (19, 20). In adult, HSC 

are mainly found in bone marrow which includes femurs, hip, ribs, sternum, and 

other bones. They can be directly obtained from the hip using a needle and 

syringe as well as obtained from cytokines such as granulocyte 

colony-stimulating factors (G-CSF) pre-treated peripheral blood stream. G-CSF 

can induce HSC to mobilize to blood from bone marrow compartment. Umbilical 

cord blood is another source of HSC. Non-invasive procurement and immense 

abundance are two main advantages of umbilical cord blood. Now, in several 

countries around the world like Canada, China, USA and UK, umbilical cord blood 

are preserved in either public bank for general use or private bank for private use 

(19, 20). 

 

 

Figure 1.2 sources of human HSCs: bone marrow, peripheral blood and cord blood 
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3.2 Cell makers for human hematopoietic stem cell 

enrichment 

CD34, as a cluster of differentiation (CD) molecule, is the universal marker of 

human HSC since primitive human HSC are highly enriched in the CD34+ 

population rather than the CD34- population in bone marrow. At the same time, 

CD34 expression will be down regulated as cell differentiation goes (21, 22). 

Human CD34 is highly conserved and play an important role in cell adhesion and 

in homing process (23, 24). Human HSC express low or undetectable level of 

CD38 and also negative for markers of lineage commitment (25). Therefore, 

human HSC are described as CD34+, CD38lo/- , lin- human HSC. However, there 

may be some human HSC do not express CD34. Xenograft repopulation assays 

are to transplant human stem cells into fetal sheep or immune-depressed mice 

for stem cell function identification. Human Lin-CD34- cells contain stem cells 

capable of long-term repopulation and mutilineage differentiation after 

inoculated into a fetal sheep xenograft model (26). Moreover, these cells are 

capable of repopulation in secondary recipient. This result may indicate that 

CD34- cells are more primitive than CD34+ stem cells and stay higher level in the 

hierarchy of hematopoietic system(27). However, CD34 is still a marker of 

activated and cycling stem cells and CD34+human HSC can generate CD34- 

cells(28). 
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CD133, the human homolog of prominin 5 transmenbrane glycoproteions 

(PROML 1), co-expresses with CD34, c-kit and other cell surface markers on 

hematopoietic stem and progenitor cells derived from bone marrow and cord 

blood (29). It provides an alternative to CD34 for human HSCs enrichment. 

Vascular growth factor receptor 2 (KDR) and C1qRp are also alternative markers 

of bone marrow-repopulating cells (30, 31). 

3.3 Purification methods 

There are two commonly used methods to enrich human HSC: 

Magnetic-activated cell sorting (MACS) and Fluorescence-activated cell sorting 

(FACS), both of which are working based on cell surface markers. Prior to 

undergo these two methods, samples of bone marrow and cord blood have to 

run density gradient centrifugation in order to get rid of red blood cells and 

collect the mononuclear cells. Ficoll and Percoll are two popular media for 

density gradient centrifugation. Ficoll is a neutral, highly branched, high-mass, 

hydrophilic polysaccharide of which Ficoll PM400 with an average molecular 

weight of 40KD is the most extensively used one(32). Percoll is composed of 

colloidal silica coated with non-dialyzable polyvinylpyrrolidone (PVP)(33). 

Magnetic-activated cell sorting 
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Magnetic-activated cell sorting (MACS) is to separate cells based on their surface 

CD molecules (34). MACS kit is composed of magnetic microbeads, columns and 

strong magnetic separators. When MACS kit is used to isolate cells, a 

heterogeneous mixture of biological cells should be incubated with magnetic 

microbeads coated with specific antibodies to the antigens expressed on the 

wanted cells first. Afterwards, the cells suspension is transferred into a column 

placed in magnetic separator. In this step, the magnetic microbeads labeled cells 

are trapped in the column while the other cells flow out of the column. When we 

use this method to enrich CD34+ human stem/progenitor cells (HSPC), 

mononuclear cells are incubated with microbeads and then transferred into the 

column. CD34+HSPC stay in the column. We collect these cells, count cell 

number, calculate the recovery rate, test the purity through flow cytometry and 

then run our experiments.  

Fluorescence-activated cell sorting 

Fluorescence-activated cell sorting (FACS) is a specialized type of flow cytometry. 

It provides a method for separating a heterogeneous mixture of biological cells 

into two or more containers because each cell has different light scattering and 

fluorescent characteristics(35). Prior to doing cell sorting via FACS, cells need to 

be incubated with fluorescent molecules conjugated antibodies which are used 

to identify specific types of cells. Afterwards, cells will be absorbed into FACS and 
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sorted based on their difference of cell morphology and fluorescent signals. 

Compared to MACS, FACS approach is less time consuming and more effective 

which means we can get better enriched cells through FACS.   

4. Self-renewal and differentiation 

Patients suffering from leukemia and lymphoma have been successfully treated 

with bone marrow or cord blood transplantation. Prior to transplantation, 

patients have to take chemical or radioactive treatment to eliminate 

dysfunctional or malignant blood cells and to suppress the immune system. The 

entire hematopoietic system of the patients will be gradually reconstituted with 

transplanted bone marrow or cord blood cells if immunological reactions are 

under control. Engrafted HSC are responsible for the long-term reconstitution. As 

mentioned in figure 1, engrafted HSC give rise to all types of hematopoietic cells 

such as erythrocytes, granulocytes and megakaryocytes through differentiation. 

They also build up and maintain the size of stem cell pool in the bone marrow of 

the recipients through self-renewal. Cell division is the only way of HSC to 

complete the above two processes. There are three types of cell division in HSC: 

symmetric self-renewal, asymmetric self-renewal and symmetric differentiation. 

Symmetric self-renewal is the division that two daughters are identical to 

parental stem cells. Asymmetric self-renewal is the division that one daughter 

cell is stem cell while the other one is lineage-committed progenitor cell. 



 

11 

 

Symmetric differentiation is the division that two daughter cells are both 

progenitor cells(5). However, how do HSC determine which way to go during cell 

division? What regulates the HSC? There are several key factors playing 

important roles in the fate determination of HSC including stem cell 

microenvironment growth factors, cytokines and intrinsic mechanisms (27). All 

these factors work at the molecular level. I would like to address self-renewal 

and differentiation at the molecular level respectively.  

4.1 Regulation of Self renewal  

As a type of cell division, self-renewal is related with stem cell microenvironment, 

cytokine networks and molecules inside the HSCs. For instance, in adult bone 

marrow, HSC tend to stay in contact with osteoblastic and endothelial vascular 

cells which were named as osteoblastic niches and vascular niches (36-38). These 

two niches offer HSC the microenvironment to maintain their number and 

regulate their self-renewal by expressing or secreting specific molecules. In 

osteoblastic niche, HSCs bind with osteoblast via adhesion molecules such as 

N-cadherin. The close contact between each other maintains HSC to stay in G0 

quiescent state and to self-renew. This close contact is regulated by 

activation/deactivation of adhesion molecules. One of such candidates is 

angiopoietin-1 (Ang1) that expressed in osteoblast. It interact with Tie2, a type of 

receptor tyrosine kinase expressed in HSCs in bone marrow. The Tie2/Ang1 
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interaction activates N-cadherin and enhances the interaction of HSC and the 

osteoblastic niche (39). Another candidate is Osteopontin (Opn) that expressed 

by osteoblast(40). CD34+ human HSC were prevented from binding with Opn by 

incubation with β1-integrin-blocking antibody first. It was also reported that in 

Opn knockout mice, transplanted mice stem cells preferred to stay randomly in 

the bone marrow rather than in the osteoblastic niche. These data indicated that 

Opn played an important role in the adhesion between HSC and osteolastic niche 

to further keep HSC in G0 state. 

In order to divide, HSC have to enter cell cycle from G0 state. As described above, 

there are three types of cell division. How do HSC control which way to go? It is 

proposed that self-renewal is also controlled by internal signal transduction and 

transcriptional activities(5).   

phosphatidylinositol-3-OH kinase (PI3K) family play a crucial role in regulating a 

broad range of cellular activities. Akt, a serine-threonine kinase, is a very 

important downstream effector. In response to PI3K activation, Akt is 

phosphorylated to further activate a large number of target molecules which 

would result in the mediation of cellular functions such as proliferation, 

differentiation, chemotaxis, survival, trafficking, and glucose homeostasis(41). 

Phosphatase and tensin homolog (Pten) inactivates PI3K to negatively regulate 

PI3K-Akt signaling. Pten-/- HSC preferred to enter cell cycle rather than to stay in 
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stem cell niches in the bone marrow after transplanted into lethally irradiated 

mice (42). Another important signaling passway involved in HSC self-renewal is 

Jak2/Stat5 signaling transduction. Continuous activation of Jak2/Stat5 signaling 

transduction results in myeloproliferative diseases (43, 44).   

Transcription factors directly modulate the gene expression in response to 

extrinsic and intrinsic factors. In HSC, combinations of specific transcription 

factors determine the time and degree for HSCs to self-renew and to 

differentiate(27). GATA2 and HoxB4 are two important transcription factors for 

the development of HSC. GATA2, a member of the GATA family, regulates the 

proliferation and maintenance of hematopoietic stem and progenitor cells (45). 

GATA2-null mutant mice die of severe hematopoietic defects during gestation at 

embryonic day 10–11. What is more, the size of functional stem cell pool in the 

Gata2+/− heterozygous mutant is reduced due to apoptosis caused by decreased 

expression of anti-apoptotic gene Bcl-xL (46). HoxB4, a member of Hox gene 

family encoding DNA-binding transcription factors, plays a crucial role in the 

self-renewal of HSC. HoxB4 overexpression is reported to enhance self-renewal 

rather than differentiation without causing leukemic transformation (47).  

Other factors such as polycomb group family also play a role in HSC development. 

Bmi-1 is a member of polycom group family expressed in HSC. Bmi-1-/- mutant 

nude mice has small and hypoplastic bone marrow, thymus, and spleen, thus die 
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in less than two months after birth (48). Hyplasia of hematopoietic system in 

Bmi-1 -/- mice is demonstrated from impaired generation of self-renewing HSC. 

Therefore, Bmi-1 is critical for HSC self-renewal (48). 

4.2 Differentiation 

Differentiation of HSCs is also named as lineage commitment because HSC give 

birth to mature hematopoietic cells through differentiating into lineage 

committed progenitor cells. These progenitor cells then give rise to more 

restricted progenitors or immature hematopoietic cells that finally differentiate 

into or grow into all types of hematopoietic cells. Figure 1.3 gives us a 

well-described diagram of the lineage commitment of HSC. However, what 

controls this process? Ogawa et al examined the colony composition of single 

progenitors in methylcellulose culture and found that the type and number of 

lineages are both stochastically determined during the differentiation of HSC(49). 

It is suggested that intrinsic factors are the main regulators on the differentiation 

of HSC at a molecular level (50).  

PU.1 and GATA1, as transcription factors, appear to be necessary for HSC 

differentiation. PU.1 plays a very important role in the development of 

granulocytic, monocytic, and lymphoid cells. PU.1 mutation severely impairs the 

generation of neutrophils and macrophages and leads to fetal death(51). GATA1 
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is expressed in erythroid cells, megakaryocytic cells, eosinophils, dendritic cells, 

and mast cells of hematopoietic lineage and promotes hematopoietic 

differentiation into all the above cells. For example, in the erythroid 

differentiation, GATA1 expression can be detected from common myeloid 

progenitors, erythoid progenitors and mature erythoid cells (52, 53). It is also 

reported that there are physical interaction and cross-antagonisms between 

PU.1 and GATA1. High level of PU.1 expression suppresses erythoid maturation 

and leads to erythroleukemia (54). At the same time, GATA1 expression in 

myelomonocytic cells forces them into erythroid, megakaryocytic, and 

eosinophilic differentiation(55). There also are some other transcription 

co-factors such as FOG1, SCL/TAL1-E2A heterodimer interacting with GATA1 to 

regulate the erythoid differentiation (56, 57). It seems to utilize multiple 

transcription factors to mediate one lineage differentiation, which makes it more 

difficult to analyze the effect of each transcription factor during the HSC 

differentiation.  
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Figure 1.3: lineage commitment of HSCs (58). Abbreviations: BFU-E, burst-forming 

units–erythroid; CFU-S, colony-forming units–spleen; CLP, common lymphoid progenitors; 

CMP, common myeloid progenitors; Eo-CFC, eosinophil–colony-forming cells; G-CFC, 

granulocyte–colony-forming cells; GM-CFC, granulocyte macrophage–colony-forming cells; 

GMP, granulocyte-macrophage progenitors; HSC, hematopoietic stem cell; M-CFC, 

macrophage–colony-forming cells; Mast-CFC, mast–colony-forming cells; Meg-CFC, 

megakaryocyte–colony-forming cells; MEP, megakaryocyte-erythroid progenitors. 

5. Hematopoietic stem cell transplantation 

Hematopoietic stem cell transplantation (HSCT) is to transplant HSC or blood 

derived from bone marrow or umbilical cord blood(59). HSCT is now utilized to 

treat patients with leukemia or other types of hematopoietic diseases. Bone 

marrow transplantation has been used since 1950s. As time goes, umbilical cord 

blood is recognized as a better source for HSCT because it is easy to procure, no 

risk to graft donor and a reduced probability of infection transmission (60-62). 
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What is more, HLA matching is less restrict since umbilical cord blood 

transplantation (UCBT) offers a reduced risk of severe Graft-Versus-Host disease. 

However, the disadvantage of umbilical cord blood is the low number of CD34+ 

HSPC which limits the success of transplantation and delays the reconstitution of 

the hematopoietic system (63). Thus, it is critical to improve the number of HSPC. 

It is also reported that HSPC do not home or engraft to the bone marrow 

environment after transplantation with absolute efficiency (64). Therefore it is 

important to label HSPC and track them after transplantation, which could offer 

us an opportunity to understand HSPC homing and engraftment. In order to 

solve these two problems, I did two projects during my master. One is using low 

intensity pulsed ultrasound stimulation (LIPUS) to enhance HSPC proliferation in 

vitro. In this project, we found that LIPUS had a significant positive effect on in 

vitro HSPC proliferation without adverse effect on cell differentiation capacity. 

This technology would be important for USCT and future stem-cell based therapy. 

The other one is labeling HSPC with fluorescein-isothiocyanate (FITC) conjugated 

magnetic CNT. We found that the labeling reached 100% efficiency without 

compromising cell viability and differentiation capacity. It has a potential to use 

these labeled HSPC to investigate the homing and engraftment in vivo in the 

future(65).  It also could be an effective way to delivery genes or other 

molecules into HSPC. These two projected will be discussed in detail in the 

following two chapters. 
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CHAPTER 2 :LOW-INTENSITY PULSED 
ULTRASOUND STIMULATION 
ENHANCES HEMATOPOIETIC 
STEM/PROGENITOR CELL 
PROLIFERATION IN VITRO 

1. Introduction 

The tremendous potential of hematopoietic stem/progenitor cells (HSPC) for 

reconstituting the hematopoietic system leads to the development of HSPC 

transplantation as a clinical strategy in the treatments of hematological disorders 

and cancer (3, 4). Although the transplants were initially carried out using 

bone-marrow (BM) cells (66), cells from the peripheral blood (PB) or umbilical 

cord blood (CB) are now commonly used (63, 67). HSPC directly obtained from 

the patient (autologous HSPC) are used to rescue the patient from the effects of 

high doses of chemotherapy or used as a target for gene-therapy vectors. HSPC 

obtained from another person (allogeneic HSPC) are used to treat hematological 

malignancies by replacing the malignant hematopoietic system with normal cells 

(68). CB has been identified as a rich source of HSPC and provides an alternative 

to BM or mobilized PB transplantation due to its widespread availability, and 

decreased immunological rejection by the patients (69, 70). However, the major 

restriction of CB transplantation is the low number of HSPC in each CB unit, 

which limits its use in clinical transplantation (71, 72). A large amount of HSPC is 
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needed in HSPC transplantation, and gene and stem cell-based therapies due to 

the fact that the cell dose infused is a pivotal item on the engraftment rate and 

clinical outcome (67). Therefore, the ex vivo expansion of HSPC is an attractive 

strategy to increase the number of self-renewing HSPC for clinical 

transplantation, and gene and stem cell therapies. Several culture conditions, 

different cytokine combinations inducing a significant expansion of HSPC have 

been proposed (73, 74). There is a general agreement on the key role played by 

Flt-3 ligand (Flt3L) and thrombopoietin(TPO) in the regulation of the early stages 

of hematopoiesis (75). The combination of early acting cytokines, like stem cell 

factor (SCF), allows a wider HSPC amplification (76). However, the maintenance 

of primitive HSPC with long-term engraftment potential is still controversial (77) 

and the characterization of the optimal conditions for in vitro culture of HSPC is 

challenging. Therefore, it is clear that more effective strategies for the expansion 

of CB or PB HSPC are needed and would considerably improve the therapeutic 

potential of the clinical transplantation.  

Ultraousnd is defined as sound wave or pressure with a frequency greater than 

the upper limit of human hearing that refers to 20 kHz usually (78). Based on the 

differences of frequency and intensities, ultrasound can be divided into three 

types (79): 1) diagnostic ultrasound with low intensity and a frequency from 3 to 

5 MHz which is used in sonography to produce pictures of fetuses in the human 

womb; 2) disruptive ultrasound with low frequency (20 to 60 kHz) and high 
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intensity such as high intensity focused ultrasound (HIFU) which is used to treat 

benign and malignant tumors and to break calculi such as kidney stones and 

gallstones (80); 3) therapeutic ultrasound with low intensity (0.01 to 2W/cm2) 

and a frequency between 1 to 3MHz such as low intensity pulsed ultrasound 

(LIPUS).  

LIPUS, as a type of therapeutic ultrasound, is found to enhance bone formation 

and wound healing (81). It is also reported that LIPUS can be used to induce 

dental itssue growth in human to repair root resportion (82). LIPUS is also proved 

to enhance the regeneration of myofiber with a better physiologic performance 

after muscle laceration in animal experiment (83). LIPUS also has positive effect 

on soft tissue heating including inter-vertebral discs, cartilage and tendon by 

improving the expression of transforming growth factor-beta 1 (TGF-β1) (84). 

TGF-β is also involved in the regulation of chondrocyte differentiation of 

mesenchymal stem cells (MSCs). LIPUS treatment enhances TGF-β mediated 

chondrocyte differentiation of human MSCs in vitro (85). LIPUS is found to 

enhance proliferation of human skin fibroblasts by activating the ERK1/2 

signaling pathway (86). LIPUS treatment can also increase the protein production 

such proteoglycan and aggrecan (87, 88). More interestingly, the optimization of 

the growth of the mesenchymal stem cells from human CB was recently 

established using ultrasound (89). However, nothing is known yet about the 

effect of ultrasound on the human HSPC. In this chapter, I will address our 
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investigation on the effect of ultrasound on the proliferation and differentiation 

of human HSPC from CB and PB leukapheresis product (LP). 

2. Methods materials 

2.1 Equipments and materials 

 NUAIR class A2 Biohazard safety cabinet 

 NUAIR autoflow CO2 air-Jacked Incubator 

 Motic AE31 Inverted light microscope 

 Laboratory centrifuge (Cat#: 75002382, Thermo Fisher) 

 Vortex mixer-touch (Cat#: 02215360, Fisher Scientific) 

 Electronic Pipette-aid (Cat#: 1438678, Fisher Scientific) 

 Air Displacement Single Channel Pipetters (Cat#: 21-377-328, Fisher 

Scientific) 

 Pipetter tips: 100ul-1000ul (Cat#: 02-681-163, Fisher Scientific) 

           1ul-200ul (Cat#: 07-707-504, Fisher Scientific) 

           0.1ul-10ul (Cat#: 21-277-2A, Fisher Scientific) 

 Ependorf microcentrifuge tubes: 2ml (Cat#: 508-GRD, Rose Scientific LTD) 

                          1.5ml (Cat#: 05-408-129, Fisher Scientific) 

                          0.5ml (Cat#: 05-408-120, Fisher Scientific) 

 Disposable glass Pasteur pipets (Cat#: 13-678-20D, Fisher Scientific) 
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 Autoclave bag (Cat#: 01-814B, Fisher Scientific) 

 35mm cell culture dish (Cat#: 430165, Corning) 

 0.45um syringe drive filter units (Cat#: SLHAM33SS, Millipore, carrigtwohill 

co. Cork, Ireland) 

 0.22um syringe drive filter units (Cat#: SLGSM33SS, Millipore, carrigtwohill 

co. Cork, Ireland) 

 Powder free nitrile gloves: Small (Cat#: 2705851, Fisher Scientific) 

                   Medium (Cat#: 2705852, Fisher Scientific) 

                      Large (Cat#: 2705853, Fisher Scientific) 

 Precision 180 series water bath (Cat#: 2823, Thermal electron corporation) 

 Laboratory counter (Cat#: 02-670-14, Fisher Scientific) 

 Costar pipets: 5ml (Cat#: 4487, Corning) 

               10ml (Cat#: 4488, Corning) 

     25ml (Cat#: 4489, Corning) 

 4℃, -20℃ and -80℃ refrigerators 

 Isotem Oven (Cat#: 13-247-751F, Fisher Scientific) 

 Autoclave (Market force) 

 Vacuum driven disposable filtration system (Cat#: SCGPU02RE, Millipore, 

carrigtwohill co. Cork, Ireland)  

 Centrifuge tubes: 50ml (Cat#: 430290, Corning) 
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              15ml (Cat#: 430055, Corning) 

 12cmx75mm round-bottom tubes (Cat#: 352054, BD falcon) 

 Pipet fine tip sterile (Cat#: 1371127, Sam Co Scientific) 

 Laboratory parafilm 4inx 125feet roll (pechiney plastic packaging, Chicago, 

IL) 

 Kimwipes(4.4x8.4in) (Kimberly-clark professional) 

 Neubauer hemacytometer (buffalo, NY, USA) 

 FACscan (Becton-Dickinson, San Jose, CA, USA) 

2.2 Chemicals and reagents 

 Dimethy sulfoxide (C2H6OS) (Cat#: 13P231-100, Fisher Scientific) 

 Antibiotics penicillin/streptomycin (Cat#: 15070, GIBCO) 

 Cell culture medium: IMDM (Cat#: 12200, GIBCO) 

 Serum: bovine growth serum (Cat#: SH30541.03, Hyclone) 

 Antibodies: PE mouse anti-human IgG (Cat#: 555787, BD phamingen) 

   PE mouse anti-human CD34 (Cat#: 550761, BD phamingen) 

   FITC- mouse anti-human IgG (BD phamingen) 

     FITC- mouse anti-human CD14 (BD phamingen) 

 0.5M EDTA PH 8.0 (Cat#: 15575-038, GIBCO) 

 Ficoll-paque (Cat#: 17-5442-02, GE Healthcare) 

 Percoll (Cat#: 17-0891-01, GE Healthcare) 
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 MACS CD34 microbead kit (human) (Cat#: 130-046-703, Miltenyi Biotec) 

 MACS multi stand (Cat#: 150.96, Miltenyi Biotec) 

 Mini MACS separator (Cat#: 130-042-102, Miltenyi Biotec) 

 Midi MACS separator (Cat#: 130-042-302, Miltenyi Biotec) 

 MACS 25LS separation column (Cat#: 130-042-401, Miltenyi Biotec) 

 MACS 25MS separation column (Cat#: 130-042-201, Miltenyi Biotec) 

 50 pre-separation filters (Cat#: 130-041-407, Miltenyi Biotec) 

 Phosphate buffered saline (1x) (Cat#: 14190, GIBCO) 

 0.25% trypsin-EDTA (Cat#: 25200, GIBCO) 

 10x phosphate buffered saline (Cat#: ICN1960454,MP biomedicals) 

 Paraformaldehyde, powder 95% (Cat#: 158127-500g, Sigma-Aldrich) 

 Sodium bicarbonate (NaHCO3) (Cat#: s8875-500g, Sigma-Aldrich) 

 95% ethanol (biochemistry store, university of alberta) 

 Trypan blue (Cat#: T6416-25g, Sigma-Aldrich) 

 Methylcellulose medium with cytokines for human cells (cat#: 0444, Stem 

cell technologies) 

 Cytokines: SCF, TPO and Flt3-ligand (Peprotech Inc, Rocky Hill, NJ, USA) 

 CellTiter 96 AQueous One Solution (Promega, Madison, WI) 

2.3 CD34+ Hematopoietic stem/progenitor cells 

(HSPC) 
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2.3.1. Source of CD34+ HSPC 

Peripheral blood leukapheresis product (LP) was obtained with the patients' 

informed consent (in accordance with the institutional guidelines approved by 

the Human Research Ethics Board of the University of Alberta) before 

cryopreservation.  

Umbilical cord blood (CB) was immediately collected after delivery in a sterilized 

tube containing heparin (1000 IU/mL), with the informed consent of the mother 

(in accordance with the institutional guidelines approved by the Health Research 

Ethics Board of the University of Alberta and the Genesis Bank, LLC, Indianapolis, 

USA) or frozen CB mononuclear cells were obtained from Stem Cell Technologies 

(Vancouver, BC, Canada).  

2.3.2. Isolation of CD34+HSPC from CB and LP 

Mononuclear cells (MNCs) from cord blood and LP were obtained by Percoll 

density gradient centrifugation and then CD34+ HSPCs were collected from 

mononuclear cells by immune affinity selection with MACS paramagnetic beads 

(Miltenyi Biotec, Auburn, CA, USA), according to the manufacturer’s instructions. 

The purity of isolated CB and LP CD34+ cells were >95% and >91%, respectively, 

as determined by fluorescence-activated cell sorter (FACS) analysis. Cell viability 

was measured by the trypan blue exclusion assay. 
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The protocol of isolating CD34+HSPC from cord blood and LP was as below:  

 Record the information about the cord blood and LP when they arrived at 

our lab for further reference. The information about cord blood included the 

date of birth and gestation period. The information about LP included the 

patient number and disease description. 

 Transfer blood into 50ml centrifuge tubes and spin at 1500rpm for 5 minutes 

with maximal deceleration rate to obtain the buffy coat which contains most 

of the white blood cells and platelets(90). The following figure 2.1 showed 

where the buffy coat stayed after centrifugation.  

 

Figure 2.1 buffy coat separation of blood. 

 Collect the buffy coat, make dilution with Isceve's Modified Dulbecco's 

medium (IMDM) and count the number of white blood cells (Note: For 

frozen leukapheresis production sample. We thawed it first in 37C water 
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bath and diluted 10 times with IMDM. And then started Percoll density 

gradient centrifugation). 

 Percoll density gradient centrifugation: 

 Calculate the number of 15ml centrifuge tubes (load~30x106cells/tube) and 

the volume of 60% percoll (4ml/tube) 

 Based on the calculation, dilute the buffy coat with IMDM. Overlay 4 mL 

diluted buffy coat on top of 4 mL 60% Percoll. (Note: Prepare 90% Percoll 

first from stock using 10x PBS, then dilute to 60% with IMDM) 

 Spin at 1800 rpm for 20 minutes with minimal deceleration rate. Collect 

mononuclear cells. Wash twice with 50 mL IMDM by spinning at 1500 rpm 

for 5 min with maximal deceleration rate. Resuspend in wash buffer 

(1xPBS/5 mM EDTA/0.5% BSA). Count the number of mononuclear cells and 

spin down at 1200rpm for 5 minutes with maximal deceleration rate. 

Calculate the total number of mononuclear cells. The following figure 

showed where mononuclear cells were after percoll density gradient 

centrifugation. Figure 2.2 indicated the blood separation after gradient 

centrifugation. 
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Figure 2.2: blood separation after gradient centrifugation. 

 Magnetic labeling 

 Resuspend cells in wash buffer (300 L per 108 cells).  

 Add FcR blocking reagent (100 L per 108 cells). 

 Add CD34 Microbeads (100 L per 108 cells). 

 Refrigerate for 30 minutes.  

 Wash cells with wash buffer (1 mL per 108 cells) by spinning at 1200 rpm for 

5 minutes and Resuspend in wash buffer again (0.5 mL per 108 cells). 

 Column Separation 

Note:  Use Mini Macs column for cells  2 x 108  

Use Midi Macs column for cells > 2 x 108 to 2 x 109 
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 Wet the column with appropriate volume of  wash buffer (500 L for Mini 

Macs OR 3 mL for Midi Macs)  

 Put a filter on top of the column and apply cell suspension 

 Wash twice with appropriate volume of wash buffer (500 L for Mini Macs 

OR 3 mL for Midi Macs) 

 Collect CD34+HSPC into a separate 15ml centrifuge tube and count the 

number. 

 Calculate the recovery rate 

Recovery rate=Number of CD34+HSPC/ Number of mononuclear cells 

(Note: recovery rate should not be over 2% in order to maintain high purity) 

 Spin CD34+HSPC down at 1200rpm for 5minutes and resuspend in IMDM 

with 20%bovine growth serum and 1% antibiotics and store at 4C for 

overnight. Do experiment the next day. 

2.4 Stimulation with ultrasound 

All cells were then maintained at 3x105/well either in Iscove’s modified 

Dulbecco’s medium (IMDM) supplemented with 20% bovine growth serum (BGS) 

or IMDM with 20% BGS and a combination of cytokines including SCF (100ug/ml), 

TPO (50ug/ml) and Flt3-ligand (50ug/ml).  
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The LIPUS generator is invented in our group which is composed of a 

power-supply subsystem, an impedance-matching network, a piezoelectric 

transducer, and an IC capable of pulse-modulated signal generation (91). It is 

capable of outputting ultrasound with a frequency of 1.5MHz which is 

determined by the transducer, a 20% duty cycle, a pulse repetition frequency of 

1 kHz and an intensity between 10 to 100mW/cm2.  

The ultrasound was applied by our invented Sonacell device through a 

piezoelectric transducer to a cell culture in an enclosed conventional 12-well 

tissue culture plate as described in figure 1. Coupling gel was used to ensure 

maximum and uniform distribution of the ultrasound throughout the growth 

medium. 

2.5 Cell proliferation 

Cell proliferation and viability were assessed at day 5 by trypan blue exclusion 

and 3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxhenyl)-2-(4sulfophenyl)-2H- 

tetrazolium (MTS) proliferation assay, using CellTiter 96 AQueous One Solution. 

2.5.1. Trypan blue exclusion assay 

Trypan blue, derived from toluidine, is a vital stain used to dye dead tissue or 

cells blue. It has the chemical name 3,3'-[(3,3'-dimethyl-4,4'-biphenylylene) bis 
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(azo)] bis(5-amino-4-hydr oxy-2,7-naphthalenedisulfonic acid) tetra sodium salt, 

a molecular weight of 960.8, a molecular formula of C34H24N6Na4O14S4, and has 

the following chemical structure(92) 

 

Trypan blue itself cannot pass through the cell membrane unless it is broken, 

therefore live cells or tissue with intact membrane cannot be stained while dead 

cells or tissue can be stained. This staining method is also named as trypan blue 

exclusion assay because live cells or tissue are excluded from staining. In this 

assay, trypan blue is prepared as 0.4% (w/w) solution with 1xPBS. Here is the 

protocol we followed to do this assay: 

 Make a cell suspension in a known volume and mix well with pippeting 

 Transfer 20ul into a 0.5ml eppendorf centrifuge tube and add in 20ul 0.4% 

trypan blue solution. 

 Vortex for 5 second and transfer on top of the hemocytometer carefully and 

count the live cells under inverted microscope.  

 Calculate the number of cells per ml and the total number of cells using the 

following formula: 
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Cell number (per ml) = 
                             

                               
  dilution factor   104 

 Repeat count one or two more times to check the reproducibility. 

2.5.2. MTS assay 

MTS assay is a colorimetric assay to measure the reductase activity in live cells 

that reduce MTS into a purple formazan product that has a maximal absorbance 

at 490nm. The main applications are to verify the viability and proliferation of 

cells (93). In this assay, cells were collected in 100ul IMDM with 20%BGS and 

transferred into 96-well plate. 20ul MTS solution was added into each well and 

then the plate was incubated in 37℃ incubator for 1.5-4hours. Finally, the plate 

was read at 490nm through microplate reader.   

2.6 Morphology 

Ultrasound-stimulated cells were spun for cytospin preparation. Cytospin 

preparations were stained with May-Grünwald-Giemsa that is used to visualize 

the morphogy of blood cells and parasites (94). Cytospots were washed with 

distilled water and allowed to air-dry before analysis under a microscope. 

2.7 Fluorescence-activated cell sorting (FACS) 

analysis 
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Flow cytometry is a machine used to analyze microscopic particles, such as cells 

based on their different fluorescent properties. It has a very broad application in 

both clinical and research field. Clinical applications included monitoring AIDS 

patients, diagnosis of Paroxymal Nocturnal Hemoglobinuria and so on. Research 

application included cell cycle test, proliferation test, viability test and so on (95, 

96). In this analysis, LIPUS-stimulated and unstimulated cells at day 5 were 

collected and stained with PE-anti-CD34 and FITC-anti-CD14 monoclonal 

antibodies. After the final wash, cells were fixed in 1% paraformaldehyde prior to 

FACS analysis using PE-mouse anti- human IgG and FITC-mouse -anti-human IgG 

as the isotype control. 

2.8 Colony Forming Unit (CFU) Assay 

As described previously, CD34+HSPC have the ability to differentiate into all 

mature hematopoietic cells. During differentiation to mature blood cells, 

CD34+HSPC will go through intermediate stages including multi-potential 

progenitors and lineage-committed progenitors. In vitro Colony-forming unit 

assay provides information about the frequencies and growth properties of 

hematopoietic progenitor cells at various developmental stages (97). 

When cultured in methylcellulose supplemented with appropriate cytokines and 

supplements, CD34+HSPC proliferate and differentiate to form discrete colonies 
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containing colony-forming unit-erythroid (CFU-E) and burst-forming 

unit-erythroid (BFU-E); colony-forming unit-granulocyte, macrophage (CFU-GM); 

colony-forming unit-granulocyte (CFU-G) and colony-forming unit-macrophage 

(CFU-M); and colony-forming unit-granulocyte, erythroid, macrophage, 

megakaryocyte (CFU-GEMM). Under optimal plating and culture conditions, each 

colony is derived from a single progenitor. Therefore, the number and types of 

colonies counted in a CFU assay provides information about the ability of 

CD34+HSPC to proliferate and differentiate (97). 

In order to test the effect of LIPUS on the proliferation and differentiation of 

CD34+HSPC, we did CFU assay. After exposure to ultrasound for 4 days, CD34+ 

cells were plated into 35mm cell culture dishes in triplicate in standard semisolid 

methylcellulose hematopoietic progenitor culture media at concentrations of 

1x103/mL. These culture plates were incubated at 37°C in 5% CO2. Colonies were 

identified and enumerated 14 days later. 

3. Results 

3.1 Effect of ultrasound simulation on fresh LP 

HSPC 

The optimization of the growth of the CB human MSC using ultrasound was 

recently established (89). Here, we investigated the effect of ultrasound on 
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human HSPC by our invented Sonacell ultrasound device. Figure 2.3 is the picture 

of our invention, which produces a 1.5-MHz ultrasound wave, 20% duty cycle, 

with adjustable output intensity between 30mW/ cm2 to 100mW/ cm2. The 

ultrasound was applied by a piezoelectric transducer to a cell culture in an 

enclosed conventional 12-well tissue culture plate. First we used fresh LP CD34+ 

cells from cancer patients other than leukemia due to the fact that the 

insufficient number of mobilized peripheral blood cells collected from heavily 

treated cancer patients may benefit from ex vivo expansion of these cells for 

autologous clinical transplantation. We applied ultrasound at a frequency of 1.5 

MHz and intensity of 40, 50, 60 and 70 mW/cm2 on fresh LP CD34+ cells 

supplemented with only IMDM with 20 % BGS for for 10 minutes each day for 4 

days. At day 5, fresh LP CD34+ cell number dropped about 3.3-fold compared the 

initial cell number seeded at day 1 (Figure 2.4A). However, ultrasound with the 

intensity of 60 mW/cm2 resulted in a better maintenance of fresh LP CD34+ cells 

viability compared to the unstimulated cells at day 5. Although ultrasound 

stimulated cell number dropped 2-fold compared to initial cell number at day 1, 

it increased the number of cells 1.5-fold compared to the unstimulated cells on 

day 5 without any growth factors (Figure 2.4A), which was confirmed by the MTS 

assay. Next, to investigate whether the addition of early acting cytokines will 

enhance the growth-promoting effect of ultrasound, we applied ultrasound on 

fresh LP CD34+ cells  supplemented with IMDM with 20 % BGS in the presence 
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of early acting cytokines (SCF(100ug/ml), TPO(50ug/ml), and FLT3(50ug/ml)) for 

4 days. After 4 days of stimulation, ultrasound stimulation with all intensities 

significantly enhanced the proliferation of fresh LP CD34+ cells in the presence of 

cytokines with respect to the unstimulated cells (Figure 2.4B). 60 mW/cm2 was 

the optimal ultrasound intensity for the extremely significant growth of fresh LP 

CD34+ cells (Figure 2.4B). These results suggest that ultrasound enhances the 

proliferation and maintenance of HSPC viability depending on the presence of 

cytokine combinations (SCF, TPO and Flt3). 
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Figure 2.3. Picture of the ultrasound generate device and its experimental setup. 
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Figure 2.4. Proliferation of ultrasound-stimulated fresh LP HSPC. Proliferation of A, 

fresh LP CD34+ cells exposed to ultrasound at a frequency of 1.5 MHz and intensity of 

40, 50, 60 and 70 mW/cm2 in the absence of early acting cytokines for 4 days. Results 

represent the mean ±SEM of proliferation of cells obtained from three different 

patient cells . B, fresh LP CD34+ cells exposed to ultrasound in the presence of early 

acting cytokines (SCF: 100ug/ml, TPO: 50ug/ml , Flt3: 50ug/ml) for 4 days. Results 

represent the mean ± SEM of proliferation of cells obtained from three different 

patients. 

3.2 Ultrasound stimulated fresh LP CD34+ cells did 

not differentiated 

To determine whether differentiation was induced in LIPUS-stimulated fresh LP 

CD34+ cells on day 4, the surface antigen expressions of CD34 (hematopoietic 

stem/progenitor cell marker) and CD14 (monocyte/macrophage differentiation 

marker) were analyzed by FACS after 4 days of stimulation. The expression of 
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CD34 or the percentage of CD14-expressing cells was not affected by ultrasound 

stimulation, indicating that ultrasound stimulated cells still maintain their stem 

cell phenotype and did not differentiate compared to the control (Figure 2.5A). 

Figure2.5. Ultrasound-stimulated fresh LP CD34+ cells do not differentiate 

after 4 days of stimulation and gave rise to more erythroid progenitor colonies 

(BFU-E). A, FACS was performed at day 5 to detect% CD34 and CD14 in 

ultrasound-expanded HSPC. B, Colony formation unit (CFU) of 

ultrasound-stimulated (C: 60mW/cm2) fresh LP CD34+ cells. Abbreviation: 

CFU-GM: Colony Formation Unit Granulocyte-Machrophage; BFU-E: 

Burst-Forming Unit-Erythrocyte; CFU-GEMM: Colony Forming Unit - 

Granulocyte-Erythroid -Macrophage- Megakaryocyte. Results represent the 

mean ± SEM of differentiation and colony formation ofcells obtained from 

three different patients.  
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3.3 Ultrasound stimulation enhances the formation 

of burst-forming unit-erythrocyte (BFUE) colonies 

from fresh LP CD34+ cells 

In order to detect the in vitro functionality and long-term differentiation of 

ultrasound stimulated fresh LP HSPC, we performed a colony forming unit (CFU) 

assay. Fresh LP CD34+ cells were stimulated with the optimal ultrasound 

intensity (60 mW/cm2) in the presence of cytokine combinations (SCF, TPO and 

Flt3) for 4 days. Cells were then collected and plated into methylcellulose. After 

14 days, colonies were enumerated and identified. We obtained about 1.4-fold 

increase in overall colony number of CB CD34+ cells stimulated with ultrasound 

compared to the unstimulated cells (Figure 2.5B). More interestingly, a 

significant increase in the of primitive erythroid progenitor colonies (BFU-E: 

burst-forming uniterythrocyte) was observed in ultrasound-stimulated HSPC 

compared to the control (Figure 2.5B). These results indicate that ultrasound not 

only induces the growth of fresh LP CD34+ cells, but also favors the 

differentiation of fresh LP CD34+ cells into erythroid progenitors.  

3.4 Effect of ultrasound stimulation on frozen LP 

CD34+ cells 
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Since frozen PB HSPCs are used in clinical transplantation practice, we further 

evaluated the growth-promoting effect of ultrasound on frozen LP CD34+ cells 

from 3 patients with lymphoma. We observed that ultrasound maintained the 

initial number of frozen LP CD34+cells obtained from these patients for 4 days, 

whereas the number of unstimulated cells significantly dropped (~2-fold) (Figure 

2.6). In addition, the number and proliferation rate of ultrasound-stimulated cells 

were significantly higher (1.6-fold) than unstimulated cells at day 4 as shown by 

the MTS assay (Figure 2.6). 

Figure 2.6. Proliferation of ultrasound-stimulated frozen LP CD34+ cells. 

Results represent the mean ± SEM of proliferation of cells obtained from 

three different patients. Control: no LIPUS; A: 40mW/cm2; B: 50mW/cm2; C: 

60mW/cm2; D: 70mW/cm2. 

3.5 Effect of ultrasound stimulation on fresh and 

frozen CB CD34+ cells 

Although CB is a promising source of HSPC for allogeneic transplantation, graft 

rejection and delayed engraftment remain major limitations both of which are 
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related to a limited number of stem cells in the CB (71, 72). Therefore, we 

investigated whether ultrasound might enhance the amplification of both fresh 

and frozen CB CD34+ cells. CB CD34+ cells were exposed to ultrasound with 

intensity of 60 mW/cm2 in the presence or absence of cytokine combination (SCF, 

TPO, Flt3L) for 4 days. We showed that ultrasound stimulation increases the 

proliferation of CB CD34+ cells from fresh (Figure 2.7A) and frozen CB units (data 

not shown) about 1.3-fold compared to the unstimulated cells after 4 days of 

stimulation. However, the proliferation of CB CD34+ cells from one fresh unit 

was not affected by the ultrasound stimulation (data not shown), most likely due 

to fact that the cells were already growing very fast without ultrasound 

stimulation. We also did not observed any increase in the proliferation of either 

fresh or frozen CB CD34+ cells without cytokine combinations using ultrasound 

(data not shown). In addition, ultrasound-stimulated fresh CB CD34+ cells did not 

differentiate because the surface expression of CD34 and CD14 did not change 

after 4 days of stimulation (Figure 2.7B). Both the control and LIPUS-stimulated 

cells retained immature blast-like morphology, as shown by a characteristically 

large nucleus and a thin rim of cytoplasm (Figure 2.7C). Very similar data was 

also obtained in frozen CB HSPCs.  
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Figure 2.7. Proliferation and differentiation of ultrasound-stimulated fresh CB CD34+ 

cells. A, the number of ultrasound-stimulated fresh CB CD34+ cells B, % CD34 and 

CD14 of ultrasound stimulated fresh CB CD34+ cells., C, morphology of 

ultrasound-stimulated fresh CB CD34+ cells. Results represent the mean ± SEM of 

three independent experiments. Control: no LIPUS; C: 60mW/cm2. 
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We also investigated the colony formation of ultrasound-stimulated CB CD34+ 

cells either in the presence of cytokines or without cytokines. There was no 

difference in the overall colony number or the morphology in CB CD34+ cells 

stimulated with ultrasound in the presence of cytokines compared to the 

unstimulated cells (Figure 2.8A). Interestingly, we obtained morphologically 

different BFU-E colonies from the CB CD34+ cells stimulated with ultrasound in 

the absence of cytokines compared to the unstimulated cells. BFU-E colonies 

were bigger, much more compact and hemoglobinized in comparison to the 

control group (Figure 2.8B). However, there was no difference in the colony 

number of the cells stimulated with ultrasound without cytokine combination 

compared to the unstimulated cells. 
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Figure 2.8 Colony formation of ultrasound-stimulated fresh CB CD34+ cells. A, CFU of 

ultrasound-stimulated fresh CB CD34+ cells in the presence of cytokines. Results 

represent the mean ± SEM of three independent experiments. B, colony morphology 

of ultrasound stimulated fresh CB CD34+ cells in the absence of cytokines. Control: no 

LIPUS; C:640mW/cm2. 
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4. Disscussion 

There is a mounting evidence that mechanical stimulations are critical to 

morphological, developmental, and functional states of living cells, and may play 

critical roles in controlling stem cell fate and lineage determination (98). In fact, 

mechanical stimulus of ultrasound exposure has been recently shown to be an 

effective noninvasive method for the stimulation of bioactivity in the wide 

variety of cells including human MSC (79, 81-85, 89, 99). In this chapter, we 

report for the first-time that ultrasound has a profound effect on HSPC fate in 

vitro. Ultrasound combined with early acting cytokines greatly enhances the 

proliferation of fresh LP HSPC, whereas it maintains the viability of frozen LP 

HSPC. Consistent with our present data, a recent study reported that ultrasound 

increases cells sensitivity to cytokines (88). These data suggests that the effect of 

ultrasound on cells is dependent on the presence of growth factors and whether 

the stem cells are fresh or frozen. 

Ultrasound enhances the proliferation in both fresh and frozen CB HSPC to a 

lower extent than LP HSPC, suggesting the effect of ultrasound proliferation is 

also dependent on the stem cell source. This difference in ultrasound-stimulated 

cell growth between LP HSPC and CB HSPC could be attributed to the synergistic 

effect of other growth factors such as granulocyte colony-stimulating factor 

(G-CSF) on ultrasound-induced cell growth. G-CSF is commonly given to patient 
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prior to obtaining LP or mobilized PB progenitor cells (100), but not for obtaining 

CB. Taking such positive effects of ultrasound on fresh and frozen HSPC into 

consideration, further studies on its applications in combinations with other 

factors or its applications in semi-solid media instead of liquid system may 

enhance its effect and need to be further investigated. Similar to our results, 

different cell sources/types have been reported to respond ultrasound 

stimulation differently, and there are different optimal ultrasound intensities for 

cell proliferation and gene synthesis in rabbit and human IVD cells (88, 101). Our 

results also suggest that there is a different optimal ultrasound intensity and 

stimulation time for stem cell proliferation in comparison to the other types of 

cells, such as osteoblasts, chondrocytes IVD cells, and human MSC (17-23). More 

importantly, ultrasound also favors the differentiation of fresh LP HSPC into 

more eryhtroid progenitors, or induces bigger, more compact and hemoglonized 

BFU-E colony formation of CB HSPC. In fact, we obtained these results in the 

absence of cytokines without obtaining any increase in the cell growth. This 

could be explained by the fact that cytokines contributes to the proliferation of 

CB HSPC with ultrasound stimulation and the effect of ultrasound on colony 

formation was shadowed by cytokine combination, since cytokine stimulation of 

cells prior to CFU assay might greatly contributes the colony formation as well. 

However, in the absence of cytokine combination, the direct effect of ultrasound 

on erythroid progenitor colony formation of CB HSPC was visible and clear, as it 
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induces more compact, bigger and much better hemoglobinized colony 

formation. This newly discovered effect of ultrasound on HSPC proliferation, 

viability and differentiation may have important therapeutic impacts for clinical 

transplantation, and stem cell and gene therapies. We suggest that safe and 

non-invasive ultrasound stimulation might be used for in vitro amplification of 

fresh or the maintenance of frozen HSPC viability, especially prior to CB, PB 

transplantation or gene therapies. Since frozen samples or units are used in 

clinical transplantation, and the maintenance of stem cell viability in culture is 

crucial for successful transplantation and delivering genes into stem cells, 

ultrasound might overcome obstacles in clinical transplantation or gene 

therapies. Ex-vivo amplified hematopoietic progenitors by ultrasound may 

eliminate the need for repeated aphaeresis, or provide sufficient numbers of 

progenitor cells to support multiple cycles of chemotherapy. Furthermore, the 

period of cytopenias, associated with high-dose chemotherapy, may be 

abrogated by the infusion of ultrasound-stimulated post-progenitor cells, which 

rapidly differentiate into fully mature and functional erythrocytes, neutrophils, 

or megakaryocytes. Clinical trials have shown that the infusion of ex-vivo 

expanded progenitors, important for the induced cell response and function, is 

safe and effectively supports hematopoiesis following high-dose chemotherapy 

(102, 103). More importantly, patients with malignant hematologic disorders 

including leukemia, lymphoma and non-malignant hematological disorders 
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including myelodysplastic syndrome and anemia might benefit especially from 

enhanced BFU-E formation using ultrasound stimulation. Impaired BFU-E 

formation and abnormal BFU-E size distribution have been reported in MDS and 

acute lymphocytic leukemia, respectively (104, 105). In addition, a significant 

decrease has been recently observed in the number of BFU-E in LP from 

lymphoma patients (106). However, the favorable in vitro effect of ultrasound on 

proliferation, maintenance and differentiation of HSPC needs to be further 

investigated on the engraftment potential of HSPC in mice models. 

5. Conclusion and future plan 

In conclusion, we found that LIPUS treatment enhanced the proliferation of HSPC 

without disturbing their viability and differentiation capacity. Our work indicated 

that ultrasound stimulation might be a good method for improving the efficiency 

of clinical transplantation, stem cell and gene therapies.  

In the future, we will test the homing and hematopoietic system reconstitution 

ability of LIPUS-treated HSPC in animals and uncover the molecular mechanism 

behind this effect. 
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CHAPTER 3 :MAGNETIC CARBON 
NANOTUBE LABELING FOR 
HAEMATOPOIETIC 
STEM/PROGENITOR CELL 
TRACKING1 

1. Introduction 

Nanotechnology, focused on assembling nanoscale elements to form complex 

structures, has set high expectations in biology and medicine in the last decade. 

Given the fact that many biological processes operate at the nanometer scale, it 

is not surprising that nanomaterials can provide tools to direct these biological 

processes (107). In recent years, it has been increasing interest in the biological 

and biomedical applications of nanomaterials such as carbon nanotubes (CNT) 

(108-114). The novel optical, mechanical, electrical or magnetic properties of 

CNT have stimulated extensive research, including their use in biosensing, tissue 

engineering and molecular delivery (109-113, 115-118). Nanospearing molecular 

delivery, which relies on the penetration of magnetic carbon nanotubes (mCNT) 

into cells by magnetic field exposure, has been receiving considerable attention 

for its high efficiency in gene delivery into tumor cell lines, such as breast cancer 

cells, MCF-7, and difficult-to-transfect cells, primary mammalian neurons and B 

                                                           

1
 A version of this chapter has been published in January 2010, Nanotechnology 21 155101 
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lymphocytes (111). Nanomaterial mediated delivery using CNT can also be used 

for cellular labeling/tracking (119, 120). CNT coated with the peptide has been 

reported to be successfully delivered and imaged in living human cervical cancer 

cells HeLa(119). More interestingly, CNT fluorescence was detected and imaged 

from living Drosophila larva by using near-infrared (NIR) while not adversely 

affecting the viability and growth of the larva by ingestion in another study(120). 

Although CNT-mediated delivery has already been successfully applied in various 

cells, their proposed use in stem cells is more recent. CNT have been shown to 

efficiently label human mesenchymal stem cells and not affect biocompatibility, 

proliferation or differentiation properties of these cells(121). However, the 

uptake or labeling efficiency of CNT in hematopoietic stem/progenitor cells 

(HSPC) has not been addressed or explored yet (HSPC are the most common type 

of stem cells used for cellular therapies for many decades (100, 122).  

HSPC are the very-well-characterized, rare and renewable population of cells 

that give rise to all of the differentiated cells of adult peripheral blood. 

Transplantation of HSPC obtained from peripheral blood (PB), bone marrow (BM) 

or from umbilical cord blood (CB) has been routinely used to rescue bone 

marrow function following high-dose myeloablative therapy for non-malignant 

and malignant hematologic disorders such as leukemia (122, 123). Nonetheless, 

little is understood about the biology of HSPC homing and engraftment to the 

BM microenvironment after transplantation (124). HSPC were reported not to 
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engraft with absolute efficiencies to the BM, though donor-derived HSPC have 

been detected in various organs following transplantation (125-127). Therefore, 

HSPC labeling and the consecutive non-invasive tracking in vivo following 

transplantation become important in understanding HSPC homing/engraftment 

and the therapeutic efficacy for future stem-cell-based therapies. Labeling HSPC 

prior to application in humans must be highly efficient and safe. Recent 

developments in nanotechnology allow the visualization of HSPC infused into a 

live recipient. For instance, the use of magnetic nanoparticles conjugated to the 

Tat protein of HIV offers the possibility of labeling highly purified HSPC subsets at 

24 h incubation, and the specific homing and trafficking of the labeled cells can 

be monitored in vivo using MRI afterwards (128). However, more studies are 

needed to fully explore the possibilities of the CNT-mediated labeling of HSPC for 

cell tracking. In this chapter, we evaluate our set up of the magnetic-field driven 

FITC-mCNT delivery method with MCF-7 and THP-1 cells. We also investigate the 

uptake efficiency of FITC-mCNT into HSPC and their effect on cytotoxicity and the 

differentiation of HSPC. 

2. Materials and methods 

2.1 Equipments and materials 

 NUAIR class A2 Biohazard safety cabinet 
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 NUAIR autoflow CO2 air-Jacked Incubator 

 Motic AE31 Inverted light microscope 

 Laboratory centrifuge (Cat#: 75002382, Thermo Fisher) 

 Vortex mixer-touch (Cat#: 02215360, Fisher Scientific) 

 Electronic Pipette-aid (Cat#: 1438678, Fisher Scientific) 

 Air Displacement Single Channel Pipetters (Cat#: 21-377-328, Fisher 

Scientific) 

 Pipetter tips: 100ul-1000ul (Cat#: 02-681-163, Fisher Scientific) 

           1ul-200ul (Cat#: 07-707-504, Fisher Scientific) 

           0.1ul-10ul (Cat#: 21-277-2A, Fisher Scientific) 

 Ependorf microcentrifuge tubes: 2ml (Cat#: 508-GRD, Rose Scientific LTD) 

                           1.5ml (Cat#: 05-408-129, Fisher Scientific) 

                           0.5ml (Cat#: 05-408-120, Fisher Scientific) 

 Disposable glass Pasteur pipets (Cat#: 13-678-20D, Fisher Scientific) 

 Autoclave bag (Cat#: 01-814B, Fisher Scientific) 

 35mm cell culture dish (Cat#: 430165, Corning) 

 0.45um syringe drive filter units (Cat#: SLHAM33SS, Millipore, carrigtwohill 

co. Cork, Ireland) 

 0.22um syringe drive filter units (Cat#: SLGSM33SS, Millipore, carrigtwohill 

co. Cork, Ireland) 

 Powder free nitrile gloves: Small (Cat#: 2705851, Fisher Scientific) 
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                      Medium (Cat#: 2705852, Fisher Scientific) 

                      Large (Cat#: 2705853, Fisher Scientific) 

 Superfrost microscope slides (Cat#: 12-550-15, Fisher Scientific) 

 Cover slips (Cat#: 12-548-B, Fisher Scientific) 

 Precision 180 series water bath (Cat#: 2823, Thermal electron corporation) 

 Laboratory counter (Cat#: 02-670-14, Fisher Scientific) 

 Costar pipets: 5ml (Cat#: 4487, Corning) 

               10ml (Cat#: 4488, Corning) 

     25ml (Cat#: 4489, Corning) 

 Liquid nitrogen tank 

 4℃, -20℃ and -80℃ refrigerators 

 Isotem Oven (Cat#: 13-247-751F, Fisher Scientific) 

 Autoclave (Market force) 

 Sonicator (Cat#: FS30H, Fisher Scientific) 

 AJ100 electronic analytical balance (Mettler) 

 Isotem magnetic stirrer with heating (Cat#: 14-259-79, Fisher Scientific ) 

 Vacuum driven disposable filtration system (Cat#: SCGPU02RE, Millipore, 

carrigtwohill co. Cork, Ireland)  

 Centrifuge tubes: 50ml (Cat#: 430290, Corning) 

              15ml (Cat#: 430055, Corning) 
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 12cmx75mm round-bottom tubes (Cat#: 352054, BD falcon) 

 Cell culture flasks: 25cm2 (Cat#: 430639, Corning) 

 75cm2 (Cat#: 430641, Corning) 

 Cryopreservation vials (Cat#: 0334118E, Wheaton) 

 Pipet fine tip sterile (Cat#: 1371127, Sam Co Scientific) 

 Laboratory parafilm 4inx 125feet roll (pechiney plastic packaging, Chicago, 

IL) 

 Kimwipes(4.4x8.4in) (Kimberly-clark professional) 

 Neubauer hemacytometer (buffalo, NY, USA) 

 3 inch Diameter x 1 inch Thick Neodymium Nd-Fe-B Magnet Disc (Applied 

magnets) 

 Confocal microscope (Carl Zeiss LSM510, Toronto, Canada) 

 FACscan (Becton-Dickinson, San Jose, CA, USA) 

 Vacuum oven  

 Silica gel Thin Layer Chromatography plate (Cat#: 05719857, Fisher 

Scientific) 

 Pyrex condenser (cat#: 07-736B, Fisher Scientific) 

 Pyrex round-bottom boiling flask 250ml (Cat#: 10-060-4D, Fisher Scientific)  

 Chemical fume hood 

2.2 Chemicals and reagents 
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 Dimethy sulfoxide (C2H6OS) (Cat#: 13P231-100, Fisher Scientific) 

 Antibiotics penicillin/streptomycin (Cat#: 15070, GIBCO) 

 Cell culture medium: RPMI 1640 (Cat#: 11875, GIBCO) 

                  IMDM (Cat#: 12200, GIBCO) 

     DMEM (Cat#: 11965, GIBCO) 

 Serum: bovine growth serum (Cat#: SH30541.03, Hyclone) 

   Fetal bovine serum (Cat#: 12483, GIBCO) 

 Antibodies: PE mouse anti-human IgG (Cat#: 555787, BD phamingen) 

   PE mouse anti-human CD34 (Cat#: 550761, BD phamingen) 

 0.01% Poly-l-lysine solution (Cat#: p4832, Sigma-Aldrich) 

 0.5M EDTA PH 8.0 (Cat#: 15575-038, GIBCO) 

 Ficoll-paque (Cat#: 17-5442-02, GE Healthcare) 

 Percoll (Cat#: 17-0891-01, GE Healthcare) 

 MACS CD34 microbead kit (human) (Cat#: 130-046-703, Miltenyi Biotec) 

 MACS multi stand (Cat#: 150.96, Miltenyi Biotec) 

 Mini MACS separator (Cat#: 130-042-102, Miltenyi Biotec) 

 Midi MACS separator (Cat#: 130-042-302, Miltenyi Biotec) 

 MACS 25LS separation column (Cat#: 130-042-401, Miltenyi Biotec) 

 MACS 25MS separation column (Cat#: 130-042-201, Miltenyi Biotec) 

 50 pre-separation filters (Cat#: 130-041-407, Miltenyi Biotec) 

 Phosphate buffered saline (1x) (Cat#: 14190, GIBCO) 
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 0.25% trypsin-EDTA (Cat#: 25200, GIBCO) 

 10x phosphate buffered saline (Cat#: ICN1960454,MP biomedicals) 

 Paraformaldehyde, powder 95% (Cat#: 158127-500g, Sigma-Aldrich) 

 Sodium bicarbonate (NaHCO3) (Cat#: s8875-500g, Sigma-Aldrich) 

 95% ethanol (biochemistry store, university of alberta) 

 Trypan blue (Cat#: T6416-25g, Sigma-Aldrich) 

 Clear nail polish (superstore, canada) 

 Rhodamine-Phalloidin (Cat#: 447152, Invitrogen) 

 Methylcellulose medium with cytokines for human cells (cat#: 0444, Stem 

cell technologies) 

 Carbon nanotube, single-walled, 50-70% carbon basis, diam.1.2-1.5 nm× 

2-5 μm , bundle dimensions (Cat#: 519308-1G, Sigma-Aldrich) 

 Thionyl chloride (SOCl2) (Cat#: 447285, Sigma-Aldrich) 

 Nitric acid (HNO3) (Cat#: 258121, Sigma-Aldrich) 

 Anhydrous Dimethyl formamide (DMF) (Cat#: 227056, Sigma-Aldrich) 

 Anhydrous tetrahydrofuran (THF) (Cat#: 401757, Sigma-Aldrich) 

 2-(2-(2-aminoethoxy)ethoxy)ethanamine (Cat#: 40421, Sigma-Aldrich) 

 Anhydrous methanol (Cat#: 322415, Sigma-Aldrich) 

 Fluorescein isothiocyanate (FITC) (Cat#: F3651, Sigma-Aldrich) 

 Anhydrous Dichloromethane (Cat#: 270997, Sigma-Aldrich) 

Diethyl ether (Cat#: 443549, Sigma-Aldrich) 
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2.3 Preparation of FITC-mCNT 

Single-walled mCNT containing Ni and Y at the tip, with an average diameter of 

1.2–1.5 nm and a length of 2–5 μm, were obtained from Sigma-Aldrich (Ontario, 

Canada). These specific mCNT were chosen for our experiment because they 

have been used in magnetic-field-driven biomolecule delivery with very high 

efficiency (111). Compared to the reported methods, our synthesis of FITC-mCNT 

is much simpler and yet returns higher chemical yields (129). As shown in figure 

3.1, the mCNT were oxidized to form carboxylic acid groups on the surface (111, 

130-133), which were reacted with thionyl chloride and then 

2_-(ethylenedioxy)bis(ethylamine) to produce amine terminated nanotubes. The 

amine was then reacted with FITC to provide FITC-labeled highly water-soluble 

FITCmCNT. Infrared (IR), X-ray photoelectron spectroscopy (XPS) and UV–vis 

spectroscopy were used to validate the chemical reactions of the intermediate 

and the final FITC-mCNT products. 

2.3.1. Oxidation of the carbon nanotubes.  

The first oxidation step was carried out as described previously (111, 130-133). 

Briefly, the purchased carbon nanotubes (200 mg) were refluxed with 0.5 M 

HNO3 (100 ml) for 48 h to introduce carboxylic groups. After refluxing, the 

solution was diluted with deionized water, filtered over a 0.2 μm polycarbonate 
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filter (Millipore) and washed several times with deionized water. The sample was 

collected and dried overnight in a vacuum oven at 80 ℃ to give mCNT 2 (170 mg) 

(figure 3.1). 

2.3.2. Reaction with thionyl chloride to give SWNT-COCl. 

A suspension of mCNT 2 (100 mg) in 20 ml of SOCl2, together with five drops of 

dimethylformamide (DMF), was stirred at 70 ℃ for 24 h. The mixture was 

cooled and centrifuged at 2000 rpm for 30 min. The excess SOCl2 was decanted 

and the resulting black solid was washed with anhydrous THF (3 × 20 ml) and 

dried overnight in a vacuum oven at 80℃ to give mCNT 3 (78 mg) (figure 3.1). 

2.3.3. Coupling with 2-(2-(2-aminoethoxy)ethoxy)ethan 

amine. 

The mixture of mCNT 3 (50 mg) and anhydrous 

2-(2-(2-aminoethoxy)ethoxy)ethanamine (120 ml) was heated at 100 ◦C for 100 h. 

During this time, the liquid phase became dark. After cooling, the mixture was 

poured into methanol (100 ml) and centrifuged to give a black solid, which was 

washed several times with methanol. The resulting solid was dried overnight in a 

vacuum oven at 80 ◦C to give mCNT 4 (42 mg) (figure 3.1). 

2.3.4. Labeling with FITC. 
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 A suspension of the mCNT 4 (25 mg) and FITC (5 mg) in anhydrous DMF (10 ml) 

was stirred in the dark for 5 h. Then the reaction mixture was poured into 

anhydrous ethyl ether (40 ml) and centrifuged to give a black solid, which was 

washed with methanol until TLC (10% MeOH in dichloromethane) showed no 

free FITC left. The product was dried overnight in a vacuum oven at 80 ℃ to 

give mCNT 5 (23 mg) (figure 3.1). 
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Figure 3.1. Schematic illustration of FITC-mCNT synthesis and magnetic-field-driven 

FITC-mCNTs into HSPCs. The mCNTs (1) were oxidized to form carboxylic acid groups 

on the surface (2). These nanotubes were reacted with thionyl chloride (3) and then 

2_-(ethylenedioxy)bis(ethylamine) to produce amine-terminated nanotubes (4). The 

amine was then reacted with FITCs to form highly water-soluble FITC-mCNTs (5). 

Freshly synthesized fluorescent and magnetic FITC-mCNTs were then used in 

magnetic-field-driven HSPC uptake experiments. 

 

2.4  Cell lines and CD34+ Hematopoietic stem/pro 

genitor cells (HSPC) 

There were three different types of cells that we used in this project including 

MCF-7, THP-1 and CD34+HSPC. MCF-7 is adherent human breast epithelial 

adenocarcinoma cell line which is bought from the American Type Culture 

Collection (ATCC). THP-1 is a suspended peripheral blood acute monocytic 

leukemia cell line which is also bought from ATCC. CD34+HSPC is normal cells 

isolated from cord blood or patient leukapheresis product (LP) 

2.4.1. Cell culture and cryopreservation 

 Adherent cell line in vitro culture 

MCF-7 was cultured in Dulbecco's Modified Eagle Medium (DMEM) added with 

10% fetal bovine serum (FBS) and 1% antibiotics and incubated in 37℃ incubator 

supplied with 5% CO2. During cultivation, we needed to check their morphology 
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under the reverted microscope everyday and renew culture medium 2 to 3 times 

per week. When cells covered 90% of the bottom of culturing dishes or flasks, we 

needed to subculture at the ratio of 1:3 to 1:6.  

Here is the subcultivation protocol (take 75cm2culturing flask as example):  

 Remove culture medium to the liquid waste bottle. 

 Briefly rinse the cell layer with 0.25% (w/v) Trypsin - 0.53 mM EDTA solution 

to remove all traces of serum which contains trypsin inhibitor 

 Add 3.0 ml of Trypsin-EDTA solution to flask and put the flask back into the 

incubator. Check cells under an inverted microscope every 5minutes until 

cell layer is dispersed. 

Note: To avoid clumping do not agitate the cells by hitting or shaking the 

flask while waiting for the cells to detach. 

 Add 6.0 to 8.0 ml of complete growth medium and aspirate cells by gently 

pipetting 

 Transfer the cell suspension to one centrifuge tube and spin at 1200rpm for 

5minutes. Discard the supernatant. 

 Resuspend the cell pellet in fresh growth medium. Add appropriate aliquots 

of the cell suspension to new culture flasks 

 Incubate at 37℃ incubator supplied with 5%CO2. 
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 Suspended cells in vitro culture 

THP-1 was cultured in RPMI-1640 medium added with 10% fetal bovine serum 

(FBS) and 1% antibiotics and incubated in 37℃ incubator supplied with 5% CO2. 

During cultivation, we needed to check their morphology under the reverted 

microscope everyday and renew culture medium 2 to 3 times per week. It was 

recommended by ATCC to keep THP-1 at the concentration of 3x105to 1x106/ml 

during cultivation. When they grew over 1x106/ml, we needed to subculture 

them at appropriate ratio. Since THP-1 was suspended in the medium, there 

were two methods of subcultivation: one is adding fresh complete growth 

medium to the flask and the other is replacing the medium. In our lab, we prefer 

to add fresh medium in the first several subcultivations and replace medium 

when the flask reached its maximum load.  

Here is the protocol for replacement of medium (take 75cm2culturing flask as 

example): 

 Transfer cell suspension into centrifuge tubes and spin at 1200rpm for 

5minutes. Discard the supernatant. 

 Resuspend the cell pellet in fresh growth medium. Add appropriate aliquots 

of the cell suspension to new culture flasks. Add appropriate volume of fresh 

growth medium to the flask as well to keep the concentration at 

3~4x105/ml. 
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 Incubate at 37℃ incubator supplied with 5%CO2. 

 

 Cryopreservation of cells. 

Cell lines came in one vial when we purchased from ATCC. We needed to culture 

them first and make our own stock for future use. The cryopreservation protocol 

was the same for both adherent and suspended cell lines. Here was what we do 

to cryopreserve our cell lines: 

 Collect cells when cells were in good condition and spin down at 1200rpm 

for 5 minutes. Discard the supernatant. 

 Resuspend the pellet in appropriate volume of fresh growth medium. Add 

DMSO to the cell suspension to reach 5% (v/v) and mix gently with 

pippeting. 

Note: sometimes we use serum supplemented with 5% (v/v) DMSO to 

cryopreserve some sensitive cell line. 

 Transfer cell suspension to cryopreservation vials and store in liquid 

Nitrogen tank.  

2.4.2. Source and isolation of CD34+ hematopoietic 

stem/progenitor cells (HSPC) 
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 Source of CD34+ HSPC 

Cord blood was collected immediately after delivery in a sterilized tube 

containing heparin (1000 IU ml−1), and with the informed consent of the mother 

(in accordance with the institutional guidelines approved by the Health Research 

Ethics Board of the University of Alberta). 

Peripheral blood leukapheresis product (LP) was obtained with the patients’ 

informed consent (in accordance with the institutional guidelines approved by 

the Human Research Ethics Board of the University of Alberta) before 

cryopreservation. 

 Isolation of CD34+HSPC from cord blood and LP 

Mononuclear cells (MNCs) from cord blood and LP were obtained by Percoll 

density gradient centrifugation and then CD34+ HSPCs were collected from 

mononuclear cells by immunoaffinity selection with MACS paramagnetic beads 

(Miltenyi Biotec, Auburn, CA, USA), according to the manufacturer’s instructions. 

The purity of isolated CB and LP CD34+ cells were >95% and >91%, respectively, 

as determined by fluorescence-activated cell sorter (FACS) analysis. Cell viability 

was measured by the trypan blue exclusion assay. 

The protocol of isolating CD34+HSPC from cord blood and LP was as below:  
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 Record the information about the cord blood and LP when they arrived at 

our lab for further reference. The information about cord blood included the 

date of birth and gestation period. The information about LP included the 

patient number and disease description. 

 Transfer blood into 50ml centrifuge tubes and spin at 1500rpm for 5 minutes 

with maximal deceleration rate to obtain the buffy coat which contains most 

of the white blood cells and platelets(134). 

 Collect the buffy coat, make dilution with Isceve's Modified Dulbecco's 

medium (IMDM) and count the number of white blood cells (Note: For 

frozen leukapheresis production sample. We thawed it first in 37C water 

bath and diluted 10 times with IMDM. And then started Percoll density 

gradient centrifugation). 

 Percoll density gradient centrifugation: 

 Calculate the number of 15ml centrifuge tubes 

(load~30x106cells/tube) and the volume of 60% percoll 

(4ml/tube) 

 Based on the calculation, dilute the buffy coat with 

IMDM. Overlay 4 mL diluted buffy coat on top of 4 mL 60% 

Percoll. (Note: Prepare 90% Percoll first from stock using 

10x PBS, then dilute to 60% with IMDM) 
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 Spin at 1800 rpm for 20 minutes with minimal 

deceleration rate. Collect mononuclear cells. Wash twice 

with 50 mL IMDM by spinning at 1500 rpm for 5 min 

with maximal deceleration rate. Resuspend in wash 

buffer (1xPBS/5 mM EDTA/0.5% BSA). Count the number 

of mononuclear cells and spin down at 1200rpm for 5 

minutes with maximal deceleration rate. Calculate the 

total number of mononuclear cells. 

 Magnetic labeling 

  Resuspend cells in wash buffer (300 L per 108 cells).  

  Add FcR blocking reagent (100 L per 108 cells). 

  Add CD34 Microbeads (100 L per 108 cells). 

  Refrigerate for 30 minutes.  

  Wash cells with wash buffer (1 mL per 108 cells) by 

spinning at 1200 rpm for 5 minutes and Resuspend in wash 

buffer again (0.5 mL per 108 cells). 

 Column Separation 

Note:  Use Mini Macs column for cells  2 x 108  

Use Midi Macs column for cells > 2 x 108 to 2 x 109 



 

68 

 

 Wet the column with appropriate volume of  wash buffer 

(500 L for Mini Macs OR 3 mL for Midi Macs)  

 Put a filter on top of the column and apply cell suspension 

 Wash twice with appropriate volume of wash buffer (500 L 

for Mini Macs OR 3 mL for Midi Macs) 

 Collect CD34+HSPC into a separate 15ml centrifuge tube 

and count the number. 

 Calculate the recovery rate 

Recovery rate=Number of CD34+HSPC/ Number of 

mononuclear cells 

(Note: recovery rate should not be over 2% in order to 

maintain high purity) 

 Spin CD34+HSPC down at 1200rpm for 5minutes and 

resuspend in IMDM with 20%bovine growth serum and 1% 

antibiotics and store at 4C for overnight. Do experiment 

the next day. 

2.5  Magnetic-field-driven cellular uptake of FITC- 

mCNT 
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2.5.1. Seeding cells into 35mm cell culture dishes 

For adherent cells like MCF-7, we collected the cells using 0.25% trpsin-EDTA 

solution and counted the number via hemacytometer under the reverted 

Microscope. Based on our counting, we diluted the cells into 3x105/ml with 

DMEM supplied with 10% FBS and 1%antibiotics. At last, we transfer 1ml of 

diluted cell suspension into 35mm cell culture dishes and incubate overnight 

in the incubator set up with 37 ℃ and 5%CO2. We started the 

magnetic-field-driven uptake experiment the next day. 

For suspended cells like THP-1 and CD34+HSPC, we counted the cell number 

on the same day when we did the magnetic-field-driven uptake experiment 

and diluted into 3x105/ml with 1xPBS and put 1ml into 35mm cell culture 

dishes which were pretreated with 10ug/ml poly-l-lysine for 30minutes. And 

then we put the cell culture dishes into the incubator sep up with 37℃ and 

5%CO2 for 45minutes before starting the magnetic-field-driven uptake 

experiment. 

2.5.2. Preparation of FITC-mCNT and mCNT solution 

On the day before we started the experiment, we measured the exact 

amount of chemically functionalized carbon nanotubes through electronic 

balance and transferred into new 50ml disposable centrifuge tubes. And then 
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we put in each tube 50ml serum-free cell culture medium and sonicated for 

30minutes in order to have well distributed carbon nanotube solution. After 

sonicaiton, we kept the carbon nanotube solution at 4℃ overnight.  

2.5.3. The magnetic-field-driven delivery experiment  

As figure 3.2 shows, culture dishes with cells attached to the bottom were 

vertically placed into a beaker containing 50 ml serum-free medium with 

different concentrations of FITC-mCNT or mCNT (10, 20 and 40 μg ml−1) and 

then the beaker was placed on a magnetic stirrer set up at 1200 rpm for 

some time which is 3minutes for MCF-7 or 10minutes for THP-1 and 

CD34+HSPC (111). 

Culture dishes were then transferred to an Nd–Fe–B permanent magnet for 

some time which is 3minutes for MCF-7 or 10minutes for THP-1 and 

CD34+HSPC. The uptake experiment was terminated by washing the cells 

with PBS and adding new cell culture medium. The cells were incubated for 1, 

3, 6, 24 and 48 h at 37℃, 5% CO2 for uptake efficiency of FITC-mCNT. 
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Figure 3.2 schema of magnetic-filed driven delivery method.  

2.6  Uptaking efficiency test--Flow cytometry analysis  

Flow cytometry is a machine used to analyze microscopic particles, such as cells 

based on their different fluorescent properties. It has a very broad application in 

both clinical and research field. Clinical applications included monitoring AIDS 

patients, diagnosis of Paroxymal Nocturnal Hemoglobinuria and so on. Research 

application included cell cycle test, proliferation test, viability test and so on(95, 

135)  

Sample preparation for flow cytometry analysis: 

 Collect cells into sterile Falcon plastic tubes. (size 12cmx0.75cm) 

 Spin down at 1200rpm for 5minutes and discard the supernatant.  
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 Add 1ml 1xPBS into the tube and resuspend the cells. Spin down at 1200rpm 

for 5minutes and discard the supernatant. 

 Repeat step 3 one or two more times if necessary 

 Resuspend cells in 400ul 1% paraformaldehyde solution in 1xPBS. 

Cell uptake test and analysis were carried out via FACscan which was bought 

from Becton-Dickinson, San Jose, CA, USA. 

2.7 Cell viability test--Trypan blue exclusion assay 

Trypan blue, derived from toluidine, is a vital stain used to dye dead tissue or 

cells blue. It has the chemical name 3,3'-[(3,3'-dimethyl-4,4'-biphenylylene) bis 

(azo)] bis(5-amino-4- hydroxy-2,7-naphthalenedisulfonic acid) tetra sodium salt, 

a molecular weight of 960.8, a molecular formula of C34H24N6Na4O14S4, and has 

the following chemical structure(136) 

 

Trypan blue itself cannot pass through the cell membrane unless it is broken, 

therefore live cells or tissue with intact membrane cannot be stained while dead 

cells or tissue can be stained. This staining method is also named as trypan blue 

exclusion assay because live cells or tissue are excluded from staining. In this 
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assay, trypan blue is prepared as 0.4% (w/w) solution with 1xPBS. Here is the 

protocol we followed to do this assay: 

 Make a cell suspension in a known volume and mix well with pippeting 

 Transfer 20ul into a 0.5ml eppendorf centrifuge tube and add in 20ul 0.4% 

trypan blue solution. 

 Vortex for 5 second and transfer on top of the hemocytometer carefully and 

count the live cells under inverted microscope.  

 Calculate the number of cells per ml and the total number of cells using the 

following formula: 

Cell number (per ml) = 
                             

                               
   dilution factor   104 

 Repeat count one or two more times to check the reproducibility. 

2.8  Confocal microscopy 

Compared with ordinary light microscopy, confocal microscopy is an optical 

imaging technique of obtaining micrograph with better optical resolution and 

contrast by removing out-of-focus light in specimens that are thicker than the 

focal plane through point illumination and a spatial pinhole(137). It enables the 

reconstruction of three-dimensional structures from the obtained images. This 

technique is popularly applied in life sciences and material science. In this project, 
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we used confocal microscopy to take pictures of the cells contained FITC-mCNT 

and reconstructed 3-D structure of the cells so as to verify the location of 

FITC-mCNT. 

Sample preparation and observation under confocal microscope  

 Sterilize cover slips using 95% ethanol and put it into 35mm cell culture 

dishes before seeding cells. 

 Seed MCF-7, THP-1 or CD34+HSPC according the protocol described 

previously 

 Do magnet-filed-driven cell uptake experiment according the protocol 

described previously. 

 Fix cells with 1ml 4% paraformaldehyde and store overnight at 4℃. 

 Take pictures under an inverted confocal laser scanning microscope (Carl 

Zeiss LSM510, Toronto, Canada) equipped with imaging software (LSM 5 

Image Browser, Carl Zeiss). 

In this project, we did 3-D structure reconstruction with MCF-7 and THP-1 since 

CD34+HSPC was too small and fragile. In order to do 3-D structure reconstruction, 

we marked the cell outline with Rhodamine-Phalloidin. Phalloidin is a specific 

antibody to F-actin which usually stays underneath the cell membrane. Hence, 

Rhodamine-Phalloidin can be used to mark the cell outline. 
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 Take cells fixed with 4%paraformaldehyde and gently rinse with twice with 

1xPBS to get rid of the paraformaldehyde 

 Incubate cells Incubate cells in Rhodamine-phalloidin (Molecular Probes) 

diluted 1:100 in PBS for 15 minutes 

 Rinse 3 times in 1xPBS, 5minutes per each. 

 Mount the cover slips onto microslides with mounting media containing DAPI 

which is one kind of cell nucleus dye. 

 Seal the cover slips with clear nail polish 

2.9  In vitro differentiation ability test of CD34+HSPC 

--Colony-forming unit assay (CFU assay) 

As described previously, CD34+HSPCs have the ability to differentiate into all 

mature hematopoietic cells. During differentiation to mature blood cells, 

CD34+HSPCs will go through intermediate stages including multi-potential 

progenitors and lineage-committed progenitors. In vitro Colony-forming unit 

assay provides information about the frequencies and growth properties of 

hematopoietic progenitor cells at various developmental stages (138). 

When cultured in methylcellulose supplemented with appropriate cytokines and 

supplements, CD34+HSPCs proliferate and differentiate to form discrete colonies 

containing colony-forming unit-erythroid (CFU-E) and burst-forming 
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unit-erythroid (BFU-E); colony-forming unit-granulocyte, macrophage (CFU-GM); 

colony-forming unit-granulocyte (CFU-G) and colony-forming unit-macrophage 

(CFU-M); and colony-forming unit-granulocyte, erythroid, macrophage, 

megakaryocyte (CFU-GEMM). Under optimal plating and culture conditions, each 

colony is derived from a single progenitor. Thus, the number and types of 

colonies counted in a CFU assay provides information about the ability of 

CD34+HSPCs to proliferate and differentiate (138).  

In order to test the effect of carbon nanotube uptake on the proliferation and 

differentiation of CD34+HSPCs, we did CFU assay with CD34+HSPCs incubated 

with 40ug/ml FITC-mCNT.  

 Do magnetic-field-driven cell uptake of FITC-mCNT according the protocol 

described previously 

 After 1hour, 3hours and 6hours of incubation in 37℃ incubator, CD34+HSPCs 

were collected and counted. 

 CD34+ HSPCs were plated into 35mm cell culture dishes in triplicate in 

standard semi-solid methylcellulose haematopoietic progenitor culture 

media (human MethoCult GF; Stem Cell Technologies, Vancouver, BC, 

Canada) at concentrations of 1x103/ml.  

 These culture plates were incubated in 37℃ incubator supplemented with 5% 

CO2. Colonies were identified and enumerated 14 days later. 
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3. Results 

3.1 High cellular uptake of FITC-mCNTs by MCF-7 

and THP-1 cells 

Highly efficient magnetic-field-driven gene delivery using mCNT into 

difficult-to-transfect primary neurons and B lymphocytes has been recently 

achieved (111). FITC-mCNT with both fluorescent and magnetic properties were 

synthesized and freshly used for our uptake experiments as summarized in figure 

3.1. Compared to the reported method using 1,3-dipolar cycloaddition as the key 

step to make watersoluble CNT with a yield of only 10% (129), our synthesis of 

FITC-mCNT has much higher yield. In order to test our fluorescent and magnetic 

FITC-mCNTs for labelling MCF-7, MCF-7 cells were exposed to solutions of 

FITC-mCNT or mCNT alone (40 μg ml−1) in the presence of a magnetic field. The 

uptake efficiencies of these cells were determined using FACS 1, 3 and 6 h after 

the uptake. As indicated in figure 3.3, in MCF-7 cells, the FITC-mCNT uptake 

began efficiently (35% FITC uptake) 1 h after exposure and reached its maximum 

efficiency (100% FITC uptake) after 3h. It also kept the same efficiency after 6h. 

We also took confocal images to confirm the labeling and to see the localization 

of FITC-mCNTs in MCF-7 cells. As figure 3.4 showed, FITC-mCNTs crossed the cell 

membrane and entered the cytoplasm and even into the nucleus. What is more, 

we tested the cytotoxicity of FITC-mCNT on MCF-7 cells via typan blue exclusion 
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staining. As expected, there was no cell viability compromise 1h, 3h and 6h after 

FITC-mCNT labeling (Figure 3.5). 

We also tested our fluorescent and magnetic FITC-mCNTs for labeling THP-1 cells 

which were intrinsically more difficult to transfect than attached cells such as 

MCF-7 cells. According to our FACS results of this study, the FITC-uptake rate 

reaches 100% even after 1hr as shown in Figure 3.6. Mean fluorescence at all 

time points was increased compared with the control. It reached maximal level 

after a 6-hour incubation period. Confocal microscopy observation indicated that 

FITC-mCNTs were effectively taken up by THP-1 cells (Figure 3.7). In addition, we 

also demonstrated FITC-mCNTs were not toxic to THP-1 cells (Figure 3.8).  

 

Figure 3.3. (Color) The percentage of FITC-expressing cells was quantified by flow 

cytometry (FACS). After three hours, the FITC-uptake rate reaches 100%.  
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Figure 3.4. FITC-mCNT localized in the cytoplasm and nucleus of MCF-7 cells. 

 

Figure 3.5. FITC-mCNT labeling did not affect the viability of MCF-7 cells after 1h,3h 

and 6h. 
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Figure 3.6. (Color) The percentage of FITC-expressing THP cells was quantified by flow 

cytometry (FACS). After one hour, the FITC-uptake rate reaches 100%.  

 

Figure 3.7. FITC-mCNT localized in the cytoplasm and nucleus of THP-1 cells. 
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Figure 3.8. FITC-mCNT labeling did not affect the viability of THP-1 cells after 1h,3h 

and 6h. 

3.2 High cellular uptake of FITC-mCNT by CD34+ 

cells 

After the evaluation of our delivery method with both attached and suspension 

cells, we tested FITC-mCNTs for labelling HSPCs. CD34+ cells obtained from LP 

were exposed to solutions of different concentrations of FITC-mCNT or mCNT 

alone (10, 20 and 40 μg ml−1) in the presence of a magnetic field. The uptake 

efficiencies of these cells were determined using FACS 1, 3 and 6 h after the 

uptake. In LP CD34+ cells, the FITC-mCNT uptake began efficiently (45% FITC 

uptake) 1 h after exposure even at the lowest FITC-mCNT concentration (10 μg 
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ml−1) and reached its maximum efficiency (83% FITC uptake) after 6 h (figure 

3.9(A)). FITC reached 83%, 90% and 100% in LP CD34+ cells at 6 h after uptake of 

FITC-mCNT with 10, 20 and 40 μg ml−1 concentrations, respectively. Although LP 

CD34+ cells were ∼100% FITC-positive at 3 and 6 h after uptake of FITC-mCNT 

(40 μg ml−1), the mean fluorescence (MF) was the highest at 6 h after FITCmCNT 

uptake (figure 3.9 (B)), which indicates more uptake of FITC-mCNT into CD34+ 

cells as time increases. Therefore, we further investigated the internalization of 

the highest concentration of FITC-mCNT (40 μg ml−1) into these cells at 24 and 

48 h after uptake. LP CD34+ cells were still about 98% FITC-positive 24 and 48 h 

after FITC-mCNT uptake, though their MF significantly dropped compared to that 

at 6 h (figure 3.9 (C)), most likely due to FITC degradation over time.  
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Figure 3.9. Efficient uptake of FITC-mCNTs in LP HSPC as shown by FACS 

analysis. (A) % FITC of LP CD34+ cells exposed to increasing concentrations of 

FITC-mCNTs or mCNTs (10, 20 and 40 μg ml−1) at 1, 3 and 6 h after exposure. 

(B) Mean fluorescence of LP CD34+ cells exposed to FITC-mCNT (40 μg ml−1) 

at 1, 3 and 6 h after delivery. (C) % FITC and MF of LP CD34+ exposed to 

FITC-mCNT (40 μg ml−1) 24 and 48 h after delivery. 
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To confirm that even more immature HSPCs can efficiently uptake FITC-mCNT, 

we next studied the internalization of FITC-mCNT (40 μg ml−1) into CB-derived 

HSPCs containing a larger immature stem cell fraction (CD34+, CD38−phenotype) 

than LP HSPCs (139). The efficient uptake started after about 1 h in CB CD34+ 

cells as demonstrated by ∼40% FITC uptake rate shown in figure 3.10(A), which 

was lower compared to the result in LP CD34+ cells. FITC-mCNT uptake reached 

90% about 6 h after its exposure to the cells, similar to the result in LP CD34+ 

cells, based on the FACS analysis (figure 3.10 (A)). Confocal analysis also 

confirmed the efficient internalization of FITC-mCNT into CB CD34+ cells (figure 

3.10 (B)), similar to confocal data obtained in THP-1 and MCF-7 cells. FITC-mCNT 

uptake was saturated at 6 h after its exposure to CB CD34+ cells similar to LP 

CD34+ cells (figure 3.10 (B)). However, we did not observe a fluorescence signal 

by confocal analysis 1 h after FITC-mCNT exposure to cells, most probably due to 

a weak fluorescence signal. The HSPC that were not exposed to FITC-mCNT (or 

the control) did not show any evidence of green fluorescence by confocal 

analysis, which is consistent with the FACS data in figure 3.10 (B). These data 

suggest that FITC-mCNTs are efficiently internalized by HSPC in a time and 

concentration-dependent manner, regardless of the HSPC source. 
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Figure 3.10. FITC-mCNTs are also taken up effectively into CB HSPC. (A) % FITC of CB 

CD34+ cells labelled with FITC-mCNT (40 μg ml−1). (B) Confocal microscopy of 

FITC-mCNT-labelled CB CD34+ cells at 3 and 6 h after delivery. Blue (DAPI): nucleus.  
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3.3 FITC-mCNT uptake does not affect CD34+ cell 

viability 

To investigate the cytotoxicity of mCNT, we studied the HSPC viability after 

FITC-mCNT uptake by trypan blue exclusion assay. With the exposure of 

FITC-mCNT to various concentrations (10, 20 and 40 μg ml−1), the viability of LP 

CB CD34+ cells was not compromised compared to the control even 6 h after 

delivery when the uptake rate reached its peak in these cells (figure 3.11(A)). As 

expected, the viability of CB CD34+ cells was also not affected by the uptake of 

FITC-mCNT (figure 3.11(B)). There was no difference observed between the 

viability of LP and CB HSPCs using FITC-mCNT or mCNT alone in comparison with 

the control at 24 or 48 h after uptake. 
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Figure 3.11. FITC-mCNTs show no adverse effect on cell viability of HSPC cells. Count 

of FITC-mCNT-labeled (A) LP CD34+ cells and (B) CD34+ cells. 

3.4 Differentiation of HSPC was not compromised 

by efficient FITC-mCNT uptake 
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It has been reported that CNT has no adverse effect on macrophages, was not 

cytotoxic and has no significant effect on adipogenic, osteogenic or chondrogenic 

differentiation of hMSC (121). To investigate the long-term cytotoxicity effect of 

our magnetic-field-driven FITC-mCNT uptake and their impact on the 

differentiation of HSPCs, we performed a colony unit assay (CFU) on 

FITC-mCNT-labeled HSPCs 1, 3 and 6 h after uptake. After 14 days, colonies were 

identified and enumerated. No evidence was observed of cytotoxicity nor was 

the differentiation affected in FITCmCNT-labeled HSPC because there was no 

difference in overall colony number or type (CFU-GM: colony-forming unit of 

granulocyte/macrophage; BFU-E: burst forming unit of erythrocyte; CFU-GEMM: 

colony-forming unit of granulocyte macrophage-erythroid-megakaryocyte) 

between the FITCmCNT-labeled and the control HSPC (figure 3.12). These 

observations suggest that FITC-mCNT internalization is not only efficient and safe, 

but it also does not alter the HSPC’s properties. 
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Figure 3.12. Internalization of FITC-mCNTs did not affect the differentiation of HSPC. 

Colony-formation unit of FITC-mCNT-labelled HSPCs at 1, 3 and 6 h after the 

internalization by clonogenic assay. 

4. Discussion 

CNT have been proposed recently as new labels for cellular imaging and vehicles 

for delivering biomolecules into cells due to their nanoscale tip sizes (about 1.2 

nm) that can lead to enhanced cell membrane penetration and low cytotoxicity 

(111, 119-121). To date, only one study reported their effects on hMSC and 

suggested their use for tissue repair and regeneration. In this chapter, we report 

that FITC-mCNTs are efficiently taken up by attached cells, suspension cells and 

even CB and LP HSPCs. The delivery method is fast and safe and could be used 

for tracking the movement of the transplanted stem cells. The experimental 

results are in line with our expectations and previous findings by other 

researchers. This efficient mCNT delivery method does not depend on a targeted 

cell type because this method employs a physical magnetic force for delivery, 

unlike a biological mechanism like liposome or viral. In contrast to our findings, it 

has been shown that ferumoxides particles were taken up only by CB cells, but 

not PB cells (140), indicating that our magnetic-field-driven FITC-mCNT can enter 

target cells regardless of cell type and source. Similar to the effect of 

COOH-functionalized single-walled CNT in hMSC (121), our FITC-mCNT labelling 

or cell uptake has no unfavorable side-effects on viability or differentiation of 
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HSPC. However, the magnetic-field-driven internalization of FITC-mCNT is much 

more rapid (began 1 h after the delivery) than internalization of CNTs into hMSC, 

which occurred at 24 h of incubation. Compared with other nanomaterial uptake 

using native or modified super magnetic iron oxide (SPIO) (141), FITC-mCNT 

labelling or uptake is more efficient for stem cell labelling. Although the 

modification of these SPIO with an alternative strategy using HIV-Tat peptide led 

to highly efficient internalization of these particles into HSPC (128), concerns 

have been raised with respect to the biosafety of a xenogenic protein and the 

requirement of long term incubation for internalization. In clinical trials involving 

HSPC, the safe labeling of stem cells should be performed within a period of less 

than 24 h after their isolation from patients. Our rapid FITC-mCNT labeling of 

HSPC might offer a solution for the difficulty of tracking the movement of 

transplanted HSPC in patients. 

Magnetic resonance imaging (MRI) provides a noninvasive in vivo method to 

studying the fate of transplanted cells labeled with magnetic nanoparticles. 

HIV-Tat peptide conjugated SPIO magnetic-particle-labeled human HSPC subsets 

have been reported to be tracked using the non-invasive MRI technology (128). 

However, the detection of mCNT by standard MRI would not be possible due to 

its low resolution. It was recently reported that CNT functionalized with 

paramagnetic contrast agents (gadolinium chelates) could be detected in vivo 

with an MRI scanner (142). Therefore, mCNT modified with a contrast agent such 
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as gadolinium chelates could be used for in vivo detection and tracking of HSPC 

using MRI. Another possibility of detecting or tracking our mCNT-labeled HSPC in 

vivo might be through an optical cell tracking device due to the fact that CNT 

possess an optical transition in the near-infrared (NIR). The ability of NIR imaging 

to detect single-walled CNT in organisms and biological tissues has been recently 

demonstrated (120). In addition to their use for HSPC labeling and tracking, 

mCNT could also be used as a perfect platform to deliver genes into 

hard-to-transfect HSPC. The genetic modification of HSPC offers enormous 

potential for the treatment of genetic diseases of haematopoiesis owing to the 

ability to provide permanent correction (143). However, transfection efficiency 

in HSPC is very low, which results from the low division frequency of the target 

cells and the quiescent nature of the most primitive HSPC (140, 144). Though 

viral vectors are capable of efficiently transporting recombinant DNAs into a cell, 

the undesirable consequences of a viral integration process (i.e. haphazard 

activation or silencing of host genes), as well as the immunogenicity of viral 

particles, have recently raised safety concerns about viral vectors (145). Hence 

an improved, safe and efficient non-viral gene delivery technique using mCNT 

might overcome these obstacles for stem-cell based gene therapies. 

5. Conclusion 
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In this chapter, we demonstrated for the first time an efficient and safe 

mCNT-mediated labeling method for HSPC while not compromising viability or 

differentiation. Although still in the exploratory stage, mCNT-mediated labeling 

of HSPC described in this paper has exceptional long-term potential and would 

be an important technology with wide applications for in vivo labeling/tracking of 

HSPC and gene delivery into HSPC. The proposed technology can also be applied 

for gene therapy to cure cancer, hepatitis, AIDS, Alzheimer’s disease and 

Parkinson’s disease. 
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